Mutant host-defective Escherichia coli that fail to propagate bacteriophage T4 and have a pleiotropic effect on T4 development have been isolated and characterized. In phage-infected mutant cells, specific early phage proteins are absent or reduced in amount, phage DNA synthesis is depressed by about 50%, specific structural phage proteins, including some tail and collar components, are deficient or missing, and host-cell lysis is delayed and slow. Almost all phage that can overcome the host block carry mutations that map in functionally undefined 'nonessential" regions of the T4 genome, most near gene 39. The mutant host strains are temperature sensitive for growth and show simultaneous reversion of the ts phenotype and the inability to propagate T4+. The host mutations are cotransduced with ilv (83 min) and may lie in the gene for transcription termination factor rho.
Roles for the Escherichia coli host cell in the assembly of bacteriophage T4 have been identified in the processes of phage capsid fornation (7, 11, 45) , tail fiber assembly (35) , and possibly tail assembly (42, 40) . We have made an extensive search for host-defective (HD) bacterial mutants that affect the assembly of bacteriophage T4. All mutants that specifically block morphogenesis are found to act during phage capsid formation at the level of T4 gene 31 function (37) . One class of HD mutants, designated HDF, shows multiple effects: T4 DNA synthesis is delayed, yet infected cells synthesize significant amounts of phage DNA and eventually lyse without production of infectious progeny, as if the defect were in phage assembly.
In this paper we report investigations into the nature of the HDF host defect. We have examined the phenotypes of T4+-infected and uninfected HDF cells, and we have determined the map positions of the bacterial mutation and the mutations carried by T4 mutant phages that can overcome the host defect. The results support the suggestion (5, 41) that HDF strains, similar strains with mutations at a locus designated tabC (5, 43) , and another similar strain designated HD590 (41) carry mutational alterations in the gene for the bacterial transcription termination factor rho. 42°C; hdf allele is leaky; fails to grow phage P1 "The metG mutation was identified by (i) the amino acid requirement, (ii) the inability to grow in M9 supplemented with vitamin B12 and homocysteine (2) , and (iii) map location (covered by plasmid F103).
h The Suc phenotype indicates lack of growth on sodium succinate as carbon source; the mutation may affect electron transport (8) and may be in ubiG. ' strain permissive for amber mutants; CR63(A) is nonpermissive for T4 rII mutants. CT196 and CT439 are wild nonsuppressing California Institute of Technology (Caltech) "hospital" strains (50) , nonpermissive for T4 mutants carrying delections in the gene 39- gene 56 region (15) and the tRNA region (50) , respectively.
T4 single and multiple amber mutant strains, listed in Tables 2 and 3 , are from the Caltech collection (now maintained in the Department of Molecular, Cellular and Developmental Biology, University of Colorado, Boulder). T4 go mutant phages were selected as described previously (37) . Lysozyme deletion mutants of T4 (eG19, eG79, eG223, and eG298) and tRNA deletion mutants (psub-A64 and psub-A33) have been described by Wilson et al. (51) . The rII deletion strains used are rEDdf4l (21) and r1589 (1) . T4 strains carrying deletions in the nonessential region between genes 39 and 56 [del(39-56)1, -3, -4, -5, and -12] were provided by T. Homyk (15) . The mutation [del (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) 12 ] is in a T4D genetic background, whereas the other del (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) mutations are in T4B. All del (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) strains carry the rII deletion r1589.
Genetic crosses. Phage crosses were carried out as described previously (37) .
Measurement of phage DNA synthesis. Bacterial cells were grown in H broth to 108 per ml and concentrated to 2 x 108 per ml in the same medium. A 10-ml flask containing 2 ml of cells was placed in a shaking water bath at 37°C at t = -2 min. At t = 0 min, phage were added at a multiplicity of infection of 6 to 8. At t = 3, deoxyadenosine at a final concentration of 200 ,tg/ml and ["4C]thymidine at a final concentration of 6 ,tg/ml and a specific activity of 5 to 10lCi/ ,umol were added. At various times 0.1-ml samples were pipetted into 2 ml of ice-cold 5% trichloroacetic acid containing 50 ,ig of unlabeled thymidine per ml. After 30 min at 0°C, the samples were filtered through Whatman GF/A glass filters; the filters were washed with 4 volumes of 5% trichloroacetic acid containing thymidine and then with 2 volumes of 95% ethanol; they were then dried and counted in 5 ml of tolueneLiquifluor scintillation fluid.
In vitro complementation tests. The presence of active major phage structures (heads, tails, and tail fibers) in T4+-infected HDF strains was assayed as described in reference 37 . The assays for whole baseplates and tail-baseplate gene products were as described (20) 3  amNG131   5  amN135  6  amNl02 amB251  7  amB16  8  amN132  9  amE17  10  amB255  11  amN128  12  amN69  15  amN133  18  amE18  19  amE1137  23  amB17   25  amS52  26  amS105   27  amN120  28  amA452  29  amB7  39  amN116 amNG457 amE480  51  amS29   53  amH28  54  amH21  60  amE300  e  amH26 tsC3 (31) , Goldfine (12) , and Radin (36) The presence of polysheath, the product of aberrant polymerization of gpl8 that appears late in normal infection and earlier in the absence of baseplate production (22) , suggested that in T4+-infected HDF cells some tail proteins might be present but unable to assemble normally because of a defect in baseplate morphogenesis. Further in vitro complementation analysis of all tail gene products revealed that the core and sheath components gp3, gpl5, gpl8, and gpl9 from T4+-infected HDF cells are active (Table 6 ). Among the baseplate components, however, only gp9 and gpl2 show significant in vitro activity. These results suggest that the abortive baseplate assembly is due to decreased levels of many proteins rather than a block at a specific assembly step. Impaired synthesis or increased degradation of baseplate proteins could account for these observations, in view of the finding that in vitro baseplate complemen- a Fifty microliters each of two extracts were mixed, incubated for 3 h at 300C, and then assayed for plaqueforming phage. Results are expressed as plaque-forming phage per milliliter of reaction mixture. Extracts were prepared as described in Revel et al. (37) . The head-defective preparation (tail and tail fiber donor) was an extract made from SKB178 infected with amB17 (gene 23 defective); the tail-and baseplate-defective preparation (head and tail fiber donor) was an extract made from SKB178 infected with X143 (genes 18:27 defective); the baseplate-defective preparation (head and tail fiber donor) was an extract made from Bb infected with X381:t (genes 5:6:7:t defective); the tail-defective preparation (head, baseplate, and tail fiber donor) was an extract made from Bb infected with amE1137:amB5 (genes 19:t-defective); and the tail fiber-defective preparation (donor of particles lacking tail fibers) was an extract made from SKB178 infected with X77 (genes 34:34: 37-defective).
b_, Not tested. in place ofHDF12.5, which behaves anomalously under the conditions used for labeling (see text). Cultures prepared as described in the text were labeled for the indicated periods, chased, and prepared for electrophoresis on a 10%o polyacrylamide gel as described by Revel et al. (37) . "+" indicates T4+ infection of SKB178; "F" indicates T4+ infection of HDFO.26. Bands are labeled as the products of T4 genes where known, or by a "p" followed by their estimated molecular weight. At early times numerous bacterial bands are visible, particularly in the 2-to 4-min labeling period. Most phage bands were identified by the comparison ofproteins made in wild-type infections with those made in infections of nonpermissive cells with phage containing known amber mutations. The identifications of gp7, gp43, pg32, and gp22 were made by comparison withpublished electropherograms (33, 48) . Molecular weights ofunidentified bands were estimated from a plot ofmigration distances ofknown bands through a 10ogel against the logarithms oftheir molecular weights. Such plots were found to be linear from approximately 80,000 to at least 20,000 daltons. 23:63:rII indicates infection of SKB178 with a phage carrying the mutations amB17, amM69, and rEDdf4l. on electrophoresis gels corresponding to gp32 + rIIB and to gpIPIII are more intense than normal in analyses of samples taken throughout infection, and a band just below gp23* appears more intense than normnal in samples taken late in infection (Fig. 3) . Overproduction of gp32, the DNA binding protein, could be a result of aberrant DNA synthesis (25) .
(iv) Cell lysis is delayed. Although T4+-infected HDF strains do not produce active progeny phage, the infected cells do undergo lysis. However, lysis of T4+-infected HDF12.5 is delayed about 20 min compared with lysis of T4+-infected SKB178, and cell distintegration during lysis proceeds more slowly (Fig. 4) Table 4 ).
(v) The host component defined by hdf mutations is required throughout T4 infection. T4+ growth in HDF cells is strongly influenced by the temperature during phage infection (Table 4 ) but is independent of the temperature at which cells are cultivated before infection.
Cells that are grown at 37°C, poisoned with KCN, shifted to 25°C, infected with T4+, and then diluted to relieve KCN inhibition produce Because of this feature, temperature shifts performed after phage adsorption can be used to determine the period during the infection cycle when the host component is required for T4 growth. Shift-up of T4+-infected HDF cells from 25 to 37°C at any time after appearance of the first progeny phage leads to immediate cessation of phage production, as indicated by the congruence of the intracellular phage growth curve and the curve for phage produced by 140 min after infection (Fig. 5a ). This result suggests that the labile host function is essential for phage production throughout the latter part of the infectious cycle and that it is inactivated immediately after a shift to high temperature.
Shift-down experiments (Fig. 5b) show that the longer T4+-infected HDF cells are held at 370C before shift, the smaller the burst size.
Since burst size reduction is evident after shifts as early as 5 min after infection at 370C, the host function is clearly needed at early times, perhaps even before phage DNA synthesis starts (see Fig. 1 ). Considered together, the temperature shift experiments show that the host component is essential throughout the phage infection cycle.
T4 goF mutants compensate for the HDF host defect. The T4 mutant goFl, used to identify class F HD bacteria, grows normally in wild-type bacteria and by definition grows on all HDF strains. However, its burst size is only about 25% of normal on HDF strains, indicating that compensation is incomplete ( Table 4 ). The goFl mutant site was initially located in the gene 39 region by a series of crosses ofgoFl with phage carrying multiple amber mutations situated around the genome. Its location clockwise from gene 39 was established by two-and threefactor crosses with gene 60 and gene 39 amber mutations, using an rII deletion as an outside (Fig. 6 ) in a nonessential region of the genome. The goFl mutation is not in gene 39, based on the following observations. The deletion mutant del(39-56)12 fails to yield wild-type recombinants when crossed with goFl and therefore must lack at least part of the gene in which the goFl mutation lies. However, del(39-56)12 forms plaques under conditions that require gene 39 function and makes a product identifiable on sodium dodecyl sulfate-acrylamide gels as gp39 (Fig. 7) .
Further experiments with deletion mutants indicate that the goF phenotype depends upon functional alteration of a phage gene product rather than its elimination. The del (39-56)12 mutant, which apparently lacks the goFl+ site, grows in wild-type hosts but fails to grow in HDF hosts. In contrast, the multiple mutants goF1:del(39-56)3 and goF1:del(39-56)4, which carry only slightly smaller deletions than del(39-56)12 (15) , do grow in HDF strains.
The results of mixed infections of HDF12.5 with wild-type (goF) phage and phage carrying the goFl mutation are shown in Table 7 Homyk and Weil (15) , who measured the distance between del(39-56)1 and r1589 to be 5,900 base pairs. The left endpoints ofthe del (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) mutants are defined by the data ofHomyk and Weil (15) . The size of gene 60 has been estimated from extensive intracistronic mapping (32) . The size of gene 39 has been estimated from the polypeptide molecular weight of 64,000 (33) . The positions ofplaCTr5x and cef are given in reference 15 . The crosses were carried out in CR63 at 30°C as described by Revel et al. (37) . Total progeny was determined by plating on CR63 at 37°C. Scoring of recombinants and determination of recombination frequency (%R) was as follows: (i) In crosses between amber mutants in the DNA delay genes 39 and 60, wild-type (WT) progeny were determined by plating on S/6/5 at 25°C (32); %R = WT x 200/total progeny. When one of the parental phage also carried a deletion in the rII genes (rEDdf4l), the order of the amber mutations with respect to rII was determined by stabbing wild-type progeny from S/6/5 to a lawn of CR63(A) to distinguish rIlr from rII. (ii) The intervals between rEDdf4l and ambers in gene 39 were determined by crossing rEDdf4l:am double mutants with wild-type phage. am+ phage were determined by plating on S/6/5 at 25°C (= one-half totalprogeny), and individualplaques were stabbed to lawns of CR63(A) to distinguish parental am+:rII+ from recombinant am+:rII phage. %R = am+:rII x 10()/number ofplaques picked from S/6/5. (iii) The intervals between various del(39-56) deletions and amber mutants in gene 39 were determined by crossing the single mutants. am+:del+ recombinants were measured as large plaques on S/6/ 5 at 250C. %R = am+der x 200/total progeny. (iv) The intervals between goF1 and amber mutants in genes 39 and 60 were determined by crossing the single mutants. am+ phage were determined by plating on S/6/5 at 250C (= one-half total progeny), and individual plaques were stabbed to lawns of HDF12.5 at 37°C to distinguish parental am+:goF1 from recombinant am+:goF+. %R = am+ goF+ x 100/number of plaques picked from S/6/5. (v) The intervals between goF1 and the (39-56) deletions were determined by crossing the single mutants. Total progeny were determined by plating on CR63, and individual plaques were stabbed to lawns of CT196 (30°C) and HDF12.5 (37°C) to identify the two recombinant type phages. %R = recombinants x 100/number ofplaques picked from CR63. (vi) The interval between del(39-56)12 and rII deletion r1589 was determined in a cross between goF1 and del(39-56)12, which also carries r1589. Totalprogeny were determined by plating on CR63, and individual plaques were stabbed to lawns of CR63(A) and HDF12.5 to identify rII+: del(39-56)12 and rII:goF1 recombinants. %R = recombinants x 100/number ofplaques picked from CR63.
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. . s Z S Ô l ( \ ; f S \ ' t S . : : -: A : . -. X : : : : n . : . b . ' . : , t ; S a P , 2 . . . . . . . * } , , . . . , , ) , . . , , , , _ . (37) except for the following: cells were infected at 30°C at a multiplicity of infection of 6 and labeled from 4 to 10 min. At 10 min, 1.5-ml portions of ice-cold 3% Casamino Acids were added to the 2-ml cultures and the cultures were immediately centrifuged. The acrylamide concentration in the separating gel is 10%. gp39, defined by the band missing (arrow) in the amNl16 (39-) It carries a mutation that has been mapped tentatively to the region between genes 31 and 33. (iv) goFO.26-1 plates only on HDFO.26 and HDF12.5; it carries a mutation that maps between genes 55 and e. (v) goF12.5-3 carries a mutation that maps close to gene 39 but may be a different site than goFl, because it makes small plaques on HDF strains 12.5 and 0.26 and fails to grow on HD590.
All goF phages grow on the wild-type parental bacterium as well as on all T4+-permissive Caltech hospital strains (50), many of which are nonpermissive for T4 carrying deletions of phage genes that are nonessential in standard laboratory hosts (29) .
Location of hdf on the E. coli chromosome. Genetic mapping of the hdfmutation has yielded conflicting results. Using P1 transduction, Simon et al. (41) [24] ) phage continued to incorporate glycerol at the lower J. VIROL. The procedure used for these experiments was the same as that for phage crosses except that the multiplicity of infection of each parental phage was 5. goFl:rl589 was used in lines 9 to 12 instead of goFl because del(39-56)12 also contains the r1589 deletion. The genotypes of progeny phage were determined by stabbing 100 plaques per cross from CR63 to lawns of appropriate permissive and nonpermissive bacteria.
level. We therefore conclude that the poor glycerol incorporation is due to a nitrosoguanidineinduced mutation unrelated to hdf (see Table  1 ). We also tried with no success to render HDF cells phenotypically ts+ by addition of the fatty acid palmitate, stearate, or oleate to either liquid medium or top agar (final concentration of fatty acid, 0.01 to 0.1%, solubilized by 0.01 to 0.1% Tween 40). HDF strains are insensitive to 10 mg of sodium dodecyl sulfate per ml in the growth medium, a crude indication that the cell surface is normal (23) . Therefore, the cause of the temperature sensitivity of HDF strains remains unknown.
Comparison of HD590 and HDF strains. The E. coli B mutant HD590, isolated and characterized by Simon et al. (42) , is phenotypically almost identical to HDF strains, although its block to T4 growth is more stringent. In addition to its effects on T4 DNA and protein synthesis and on phage assembly (42) 35, 1980 786 STI'ITT ET AL. (51) . The line at the lower left indicates the scale of the figure. Crosses were performed in S/6/5 at 30°C (except under iii below) as described by Revel et al. (37) . eG deletions and psub strains were crossed to T4D+ before use to remove an rIV ('spackle') mutation from the former and a gene 15 (amN133) mutation from the latter. eG deletions without rIV were recognized by their inability to plate on S/6/5 in the absence of added lysozyme, and psub deletions without amN133 were recognized by their ability to plate on S/6/5 but not on CT439. The following conditions were used to score recombinants. (i) For crosses between goF3.03-2 and eG deletion mutants or amH26, progeny were plated (a) on S/6/5 plus lysozyme (500 ,tg/2 ml of top agar per plate) for total progeny and (b) on S/6/5 without lysozyme as a source ofplaques for stabbing. Half as many plaques were found under plating condition (b) as under (a), as expected. To identify wild-type recombinants, plaques were stabbed onto HDF3.03 (nonpernissive) and S/6/5 (permissive). %R = WT x 100/plaques picked from S/6/5. (See legend to Fig. 6 for abbreviations.) (ii) For crosses between goF3.03-2 and psub deletion mutants, progeny were plated on S/6/5 and stabbed onto HDF3.03 at 37C, CT439 at 30°C, and S/6/5. Both recombinant classes were scored (on these indicators wild-type growth is zero, +, +, respectively; psub:goF growth is +, zero, +, respectively). %R = total recombinants x 100/plaques picked from S/6/5. The two recombinant classes were found in approximately equal numbers. (iii) The cross tsC3 x amH26 was performed in CR63 at 30°C; total progeny was determined on CR63 plus lysozyme at 30°C, and wild-type recombinants were determined on S/6/5 at 42°C. %R = WT x 200/total progeny. (iv) For tsC3 x eG223, progeny were plated on S/6/5 plus lysozyme at 30°C (total progeny) and S/6/5 at 37°C (wild-type recombinants). %oR = WT x 200/ total plaques. (v) For crosses of eG deletions with psub-A64, the total progeny was plated on S/6/5 plus lysozyme. Wild-type recombinants were scored by stabbing from S/6/5 (no lysozyme) onto CT439 at 30°C and S/6/5. %R = WT x 100/plaques picked from S/6/5. In all crosses, plaques were stabbed until at least 10 (and usually 20 to 40) recombinants had been identified. Where no recombinants are indicated, 500 (eG79 x goF3.03-2) or 3,791 (eG19 x goF3.03-2) plaques were tested. phenotype greatly retards growth of uninfected cells at 42°C. The active form of the host component must be present throughout T4 infection for production of phage.
Similarity of hdf hd590, and tabC mutations. The mutant E. coli B strain HD590 (42) probably carries an hdf mutation, based on the close similarities of the HD590 and HDF phenotypes as reviewed in Results. The tabC mutations first described by Takahashi (43) (9, 16, 17) and hdf alleles (41; Stitt, in preparation) map at a similar site near ilv (83 min) in P1 transduction experiments. The hdf-0.26 mutation, like many rho defects, partially relieves the polarity of nonsense mutations (41) . Genetic complementation tests with rho-15 (9) suggest that a rho defect blocks T4 growth in tabC hosts (5 (13, 39) , but in strong rho mutants like rho-15 this inhibition is not seen (3) . In vitro the action of rho has been shown to prevent delayed early transcription (19, 38, 46, 47) . These results, and other less direct evidence that a T4 gene product is required for delayed early gene expression (26, 27) , suggest that the phage produces a modulator of rho activity (antiterminator) early in infection. However, lack of rho activity also is deleterious; infection ofstrong rho temperature-sensitive mutants at nonpermissive temperature gives burst sizes 10-to 100-fold lower than does infection of wild-type cells (17; our unpublished data). Thus, the evidence so far suggests that both rho-mediated termination and modulation of rho by an early T4 gene product are required for normal transcription and production of phage progeny.
Early events in infection. The foregoing suggestion leads to the following specific model as one possible explanation for the effect of hdf mutations on early events in infection. HDF strains produce an altered rho, which at low temperature acts normally but at 370C no longer can be modulated by the proposed early phage gene product that normally serves this function. As a result there is no synthesis of delayed early transcripts that depend upon read-through of termination signals after immediate early promoters. The goFl mutations define the gene for the T4 termination modulator and alter it so that it can again modulate the altered rho, thereby overcoming the hdf block to infection.
This model, similar to that proposed recently by Pulitzer and co-workers (5, 34) to explain the properties of tabC and comC-a mutations, is consistent with the observed effects of hdf and goFl mutations. Pulitzer et al. (34) , in addition, have reviewed the evidence that delayed early transcripts can arise either by read-through from adjacent immediate early genes or by initiation from a middle promoter under the positive control of the T4 mot gene (30), or both, and have shown strikingly that mot-defective phage infecting a tabC host make few if any delayed early gene products. These results support the dual mechanism for control of delayed early gene expression and the notion that hdf and tabC mutations alter rho so as to prevent its early modulation. Late events in infection. In addition to aberrant early protein synthesis patterns, we have described specific deficiencies in late synthesis in HDF strains, leading to defects in assembly and retardation of the lysis mechanism. Some of these late effects could be secondary, resulting from alterations in DNA synthesis or gene expression earlier in infection. Alternatively, the immediate cessation of phage production after late temperature shift-up of T4+-infected HDF cells suggests that Rho function is required throughout infection and raises the possibility that expression of some late genes may depend upon read-through of termination signals by the same modulated rho that is necessary for expression of delayed early genes.
Identity of the gene defined by goFl mutations. Although goFl and comC-a mutations have somewhat different effects in compensating for their respective host defects and map at nonidentical sites (cf. Fig. 4 and Fig. 1 of reference 44), they are within several hundred nucleotides of one another and therefore are likely to define the same gene, which has been proposed above to code for a modulator of rho. Based on map position, the goFl mutations conceivably could be located in one of the two genes provisionally defined byplaCTr5x and cef VOL. 35, 1980 788 STITT ET AL. mutations, respectively. However, del(39-56)5, which covers goFi, plates on CTr5x(15), implying that the goFl site is in a different gene than plaCTr5x. Similarly, the cef site is deleted in del(39-56)3 (15; A: Rodriguez-Prieto, Ph.D. thesis, Vanderbilt University, Nashville, Tenn., 1976) whereas goFi is not (Fig. 6) . Therefore, although the evidence is not conclusive, goFl and comC-a probably define a new gene.
The putative modulator coded by this gene cannot be essential for normal T4 infection because del(39-56)12, which lacks the goFl site, grows on wild-type hosts, although the burst size is only 60% that of nornal (Rodriguez-Prieto, Ph.D. thesis). This result suggests that the goFl gene product is a dispensable enhancer of T4 growth. Why the hdf defect should cause a lower progeny yield than do deletions of the goFl site is not yet apparent. Perhaps goFl function is dispensable only by virtue of the dual rho/mot control of most delayed early genes. The further work that will be necessary to understand this control should be aided by the availability of the hdf and goFl mutants.
